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Many-body force field models based solely on pairwise Coulomb screening do not simultaneously reproduce correct gas-phase and condensed-phase polarizability limits It is demonstrated that many-body force field models based solely on pairwise Coulomb screening cannot simultaneously reproduce both gas-phase and condensed-phase polarizability limits. Several many-body force field model forms are tested and compared with basis set-corrected ab initio results for a series of bifurcated water chains. Models are parameterized to reproduce the ab initio polarizability of an isolated water molecule, and pairwise damping functions are set to reproduce the polarizability of a water dimer as a function of dimer separation. When these models are applied to extended water chains, the polarization is over-predicted, and this over-polarization increased as a function of the overlap of molecular orbitals as the chains are compressed. This suggests that polarizable models based solely on pairwise Coulomb screening have some limitations, and that coupling with non-classical many-body effects, in particular exchange terms, may be important. The development of new-generation many-body force fields for biomolecular simulations 1 is an area of intense effort, [2] [3] [4] [5] [6] and offers considerable promise toward the improved modeling of biological systems. [7] [8] [9] Although these force fields represent a significant step forward, preliminary tests, 7, 8, 10 along with recent high-level ab initio quantum results, 11 suggest that models parameterized to obtain accurate gas-phase polarizabilities for individual molecules tend to be over-polarized in the condensed phase ͑e.g., in solution͒. The results presented here suggest that the functional forms used in these force fields are not able to simultaneously reproduce the gas-phase and condensed-phase polarizabilities due to the neglect of explicit coupling between polarization and many-body exchange effects. These effects might prove important for the design of transferable biomolecular force fields where molecules are exposed to drastically different environments ranging from hydrophobic pockets in proteins to direct coordination with divalent metal ions to polarized hydrogen bonding with charged amino or nucleic acids.
To overcome problems related to the polarizability at close separation, the most noteworthy being the so-called ''polarization catastrophe, '' 12 the Coulomb interactions between polarizable sites may be screened to model the diffuseness of an effective response density, as first suggested by Thole. 13 Modern-day polarizable force fields have adopted various screening methods, including the use of cutoff screening lengths, 14 cubic spline functions, 6 and other strategies. 7, 13, [15] [16] [17] All of these methods lead to improvement. However, none of them explicitly considers non-classical components of the many-body response, 3 such as polarization-exchange coupling. It is therefore instructive to explore the limits as to how well the forms of these Coulomb screening functions can reproduce the polarization response in different environments.
In this work, the polarizability of a series of water chains are examined with basis set-corrected ab initio methods and compared with values predicted by polarizable force field models with pairwise Coulomb screening. Models are developed such that the ab initio polarizability of an isolated water is reproduced, and one model is further developed, through adjustment of the Coulomb screening function, to reproduce the polarizability of a bifurcated water dimer as a function of internuclear separation. These models are demonstrated to be over-polarized when applied to extended chains, and this effect arises mainly from neglect of coupling between manybody exchange and polarization. The use of pairwise Coulomb screening functions leads to improvement, but is still unable to simultaneously reproduce the polarizability of both isolated water and the extended chain limit, especially for strongly interacting chains.
Polarizability of bifurcated water chains. The ab initio characterization of the polarizability of water as a function of number of waters in a cluster requires extensive statistical sampling, and tedious procedures to systematically remove basis set effects for different cluster sizes. For the purposes of this work, the complications of the cluster approach 11, 18 are avoided by consideration of a series of linear bifurcated water chains ͑Fig. 1͒ that allow a consistent basis to be used, and afford more facile examination of trends in the change in polarization as a function of chain length and compression.
Density-functional ͑DFT͒ calculations of water chain polarizabilities were performed using the PBE0 functional 19 and the d-aug-cc-pVDZ basis. 20, 21 The polarizability of water predicted at the PBE0/d-aug-cc-pVDZ level ͑Table I͒ is in close agreement with experiment ͑around 2% error͒, is well converged in terms of basis set cardinal index and augmena͒ Author to whom correspondence should be addressed. Electronic mail: york@chem.umn.edu tation level ͑around 0.1% variation with respect to values calculated with aug-cc-pV5Z and q-aug-cc-pVDZ basis sets͒. This level of theory has been demonstrated to give reliable results in applications to the polarizability of water in clusters. 11 All calculations were performed with GAUSSIAN 03.
22
The focus of the current work is to quantify the degree to which polarizability changes in going from an isolated system to an interacting limit ͑that of an infinitely long bifurcated chain͒. Special attention must be paid to the removal of basis set effects that could systematically alter the polarizability of the chain relative to that of a single water. Toward this end, polarizability calculations on bifurcated waters chains of length Nϭ2, 4, 6, 8, 10, and 12 were performed in the basis of the 12 water system and corrected to be size consistent with the polarizability calculation of a single water. Only the component of the polarizability along the chain ͑z-direction͒ is considered (␣ zz ). The equation for the basis set-corrected chain polarizability is
where ␣ zz BSC (N) is the basis set-corrected zz polarizability component of the N-water chain, ␣ zz (1;1) is the zz component of a single water in the 1-water basis, and ␣ zz (i;12) is the zz component of the ith water in the N-water chain in the basis of the 12-water system. The N-water systems were placed at the center of the 12-water basis.
Polarizable force field models and pairwise Coulomb screening. The polarizable model for water used in this work is a variation of the AMOEBA water model, described in detail by Ren and Ponder 7 and implemented in the TINKER molecular modeling package. 23 The focus of this work is polarization, therefore we limit our attention to the terms in the AMOEBA model that relate to the polarizability. From this perspective, the AMOEBA water model involves a set of three polarizable point dipoles located at the nuclei with screened Coulomb interactions modeled by a form of damping function first suggested by Thole. 13 The screened Coulomb interactions, described in detail elsewhere, 7 model the effect of a smeared charge density of the form
where
, ␣ i and ␣ j are the polarizabilities of the dipoles in the interaction of sites i and j and a is a parameter ͑a constant͒.
It is not the purpose of the work to critique the AMOEBA water model for the purposes for which it was designed and performs very well 7 -but rather to investigate the limits of the functional form of the model itself in its ability to reproduce simultaneously the polarizability of noninteracting and interacting systems. Toward this end, a model is developed specifically to reproduce the PBE0/d-aug-ccpVDZ polarizability component ␣ zz for a single water molecule through adjustment of the ␣ i and a parameters. This model, which screens only intramolecular interactions (a →ϱ for intermolecular interactions͒, is designated POL-W1. A second model, designated POL-W2, was developed to further reproduce the polarizability values for the bifurcated water dimer as a function of internuclear separation through introduction of a distance-dependent form of the parameter a(R i j ) used for intermolecular interactions. The constraint that the bifurcated dimer polarizability be reproduced at each internuclear separation uniquely determines the parameter a(R i j ) for all R i j . The resulting a(R i j ) could have been represented on a spline, however an excellent fit was obtained with the form
A comparison of the original AMOEBA water model, POL-W1 and POL-W2 models with the basis set-corrected DFT results is shown in Fig. 2 . The POL-W2 model agrees with the DFT results over the entire range of separations, whereas the POL-W1 model converges to the DFT results beyond 3.75 Å, but is observed to be considerably too polarized at shorter distances. Figure 3 compares the chain axis polarizability component per water (␣ zz /N) calculated from the AMOEBA, POL-W1 and POL-W2 models with the basis set-corrected DFT values. The POL-W1 model, which reproduces the polarizability of a single water and does not screen intermolecular interactions, significantly over-predicts the polarizability per water in the infinite chain limit. The POL-W2 model, which additionally reproduces the ␣ zz polarizability of the dimer at each internuclear separation, closely reproduces the average polarizability of the water chains at the R e separations. However, when the chains are slightly compressed to their separation, the model considerably over-predicts the polarizability of the asymptotic infinite chain limit. The conclusion is that use of a pairwise Coulomb screening alone-here designed to reproduce the polarizability of the bifurcated water dimer over all distances-leads to significant improvement, but is not sufficient to obtain the polarizability in the infinite chain limit in the more extreme case of strongly interacting molecules.
Comparison of predicted results for the average polarizability of water chains.
These results are consistent with the observations of others 8 that suggest that polarizable models based on accurate quantum calculations with large basis sets ͑including diffuse functions͒ lead to over-polarization in the condensed phase. This heuristic reasoning has lead to parameterization strategies whereby quantum calculations are performed in the absence of diffuse augmentation functions that lead to isolated molecule polarizabilities that may be systematically too low, but that perform well in condensed phase simulations. The results presented here lend credence to the speculation 8, 10 that the overlap of molecular orbitals and Pauli exclusion principle leads to condensed-phase molecular polarizability that are effectively reduced relative to that of isolated molecules. Moreover, the present work highlights a limitation of current polarizable force fields for which future improvement might be made: the inclusion of explicit coupling of polarization and many-body exchange. These effects are likely important for the design of highly accurate transferable models for biomolecular simulation where a wide range of vastly different chemical environments exist. The continued development and application of newgeneration polarizable models 1 will ultimately bring these matters to bear, and serve to inspire novel advances in the design of improved quantum models for biomolecular simulations. 
